Introduction
Photodynamic therapy (PDT) is a treatment (Castano et al., 2006; Gomer, 1989; Oleinick and Evans, 1998 ) that involves three components: a photoactivatable photosensitizer (PS), laser light, and tissue oxygen. The current applications of non-targeted PDT (ntPDT) involve intravenous injection or topical application of PS followed by irradiation of the diseased lesion with a laser light. Upon activation by laser light, PS converts intracellular oxygen to singlet oxygen ions, which then cause cellular necrosis and/or apoptosis. PDT has clinical indications in the treatment of localized cancers, such as breast cancer, and has therapeutic potential for local recurrence of chemoresistant tumors (Capella and Capella, 2003; Merlin et al., 2003) . However, a serious limitation of conventional ntPDT is the toxicity that results from internalization of the PS by normal cells (Taber et al., 1998) . To overcome the poor selectivity of PS, antibodies, ligands and peptides have been tested in order to develop targeted PDT (tPDT), which would target PS into tumor cells (Mayo et al., 2003; Sharman et al., 2004) or vascular endothelial cells alone (Bechet et al., 2010) . To the best of our knowledge, there are no other published papers reporting the successful development of tPDT that can simultaneously target both the tumor neovasculature and tumor cells except for three recent articles Hu et al., , 2011 from our laboratory (Figure 1 ). Here we summarize the development, efficacy and safety tests of dual tumor neovasculature-and tumor cell-targeting PDT by targeting the receptor tissue factor (TF) using its natural ligand factor VII (fVII)-conjugated photoactivable sensitizers for treatment of breast cancer in preclinical studies. We also review the selective expression of TF on angiogenic tumor vasculature and the percentages of TF on cancer cells in several most common solid tumors and leukemia, which we believe could help us to predict what percentage of patients with individual cancer can benefit from these TF-targeting therapies in future clinical trials and applications. 
Key points for the successful development of tumor neovasculature-and tumor cell-targeting PDT (tPDT)
The bottleneck for the development of tPDT with the ability to target the tumor neovasculature and tumor cells is to identify a target molecule that is selectively expressed on both angiogenic VECs and tumor cells. Other key requirements are (i) the identification of a targeting vehicle that can specifically bind the target molecule and be internalized by the diseased cells and (ii) the ability to covalently conjugate this vehicle to a photosensitizer without affecting its binding activity or the photoactivity of the photosensitizer. Macromolecules such as antibodies or ligands are frequently used as targeting vehicles (Mayo et al., 2003; Sharman et al., 2004) . In this regard, we chose the receptor tissue factor (TF) as the target molecule and its ligand, coagulation factor VII (fVII), as the targeting vehicle for the development of fVII-targeted Sn(IV) chlorine e6 (SnCe6) or verteporfin (VP) PDT for treatment of breast cancer in preclinical studies .
www.intechopen.com 5. TF is a common but specific target molecule on tumor VECs and tumor cells for development into novel tPDT as a dual-action therapeutic 5.1 TF is selectively expressed by angiogenic VECs in tumor but not by normal resting VECs in normal organs/tissues Using tumor tissues from patients and mice, Contrino and colleagues and our groups Hu and Garen, 2001; Hu et al., 1999) separately showed that TF was selectively expressed on angiogenic VECs, such as those in the tumor neovasculature of human breast cancer samples from patients and of human melanoma tumor xenografts in mice (Hu and Garen, 2001; Hu et al., 1999) . In contrast, normal quiescent VECs do not express TF Hu and Garen, 2001; Osterud, 1997; Rao and Pendurthi, 1998; Semeraro and Colucci, 1997) . Moreover, we very recently show that TF is also expressed by tumor VECs in multidrug resistant human breast tumor xenograft in mice . We conclude that TF is selectively expressed by angiogenic tumor VECs in tumors including multidrug resistant tumors.
Selective expression of TF by angiogenic VECs is similarly observed in vitro. Using VECs isolated from human umbilical vein vessels (HUVECs), we and other groups (Camera et al., 1999; Zucker et al., 1998) have shown that TF is selectively expressed on VEGF-stimulated angiogenic HUVECs but not on unstimulated HUVECs.
5.2 TF is also over-expressed by many types of cancer cells including solid cancer and leukemia (Table 1) Early studies indicated that TF was expressed by cancer cells in solid cancer (Callander et al., 1992) and leukemia (Andoh et al., 1987; Bauer et al., 1989) . There are now numerous elegant reviews on the role of TF expression in cancer and tumor angiogenesis (Fernandez and Rickles, 2002; Milsom and Rak, 2008; Rak et al., 2006; Rak et al., 2008; Rickles and Brenner, 2008; Rickles et al., 2003; Ruf and Mueller, 1996; Ruf et al., 2010; Semeraro and Colucci, 1997) . We summarize TF expression percentages by cancer cells in several most common solid cancers (Table 1) (Khorana et al., 2007) www.intechopen.com * Human breast and melanoma tumor xenografts were removed from mice and paraffin or frozen sections were made and immunohistochemically stained for endothelial TF by using a rabbit polyclonal anti-mouse TF antibody and murine fVII/human IgG1 Fc protein (mouse Icon) (Hu et al., 1999) , respectively. ** Mouse Icon protein was intravenously injected into the SCID mice carrying subcutaneous human prostate tumor xenografts and the bio-distribution of mouse Icon protein was studied by immunofluorescence staining for the human IgG1 Fc of the mouse Icon protein using an FITCconjugated anti-human IgG antibody (Hu and Garen, 2001 ). + TF expression was positively detected. Table 1 . TF expression in breast cancer and other solid cancers.
TF in 80-100% of breast cancer
TF is expressed by breast cancer cell lines and breast cancer cells in tumor tissues Duanmu et al., 2011; Hu et al., , 2011 Sturm et al., 1992; Ueno et al., 2000) . Sturm et al. (Sturm et al., 1992) reported that 81% (93 out of 115) breast cancer tissues were TF expression positive on tumor cells. Contrino et al. further showed that TF was localized on vascular endothelial cells (VEC) and tumor cells within tumors from all 7 (100%) invasive breast cancer cases but not in the VEC or tumor cells of benign tumors from 10 patients with fibrocystic disease of the breast. Ueno et al. (Ueno et al., 2000) showed that 91% (193 cases) of 213 breast cancer tissues were positive for TF expression, which was detected on tumor cells, fibroblasts, monocytes and vascular endothelial cells in the tumor tissues. Taking together, TF expression was indeed detected on tumor cells and tumor vascular endothelial cells in 80-100% of breast tumors.
TF in 95-100% of melanoma
TF is over-expressed by melanoma cancer cells (Bromberg et al., 1995; Hu and Garen, 2000; Hu et al., 1999) . Particularly Kageshita et al. reported that TF expression was detected in 95% of primary and 100% of metastatic melanoma tumor tissues from 41 and 24 patients, respectively (Kageshita et al., 2001) .
TF in 40-80% of lung cancer
TF is expressed in human lung cancer cell lines (Keller et al., 2001; Minamiya et al., 2004; Rauch et al., 2005; Salge et al., 2001; Zacharski et al., 1983) as well as in about 40-80% of human lung tumor tissues from patients worldwide (Koomagi and Volm, 1998; Sawada et al., 1999; Shoji et al., 1998; Wang et al., 2005) . Shoji et al. (Shoji et al., 1998) reported that TF expression on stromal macrophage and vascular endothelial cells was detected in 76% (19 out of 25) of lung cancer patients, while lung cancer TF expression was detected in only 28% of these patients. Koomagi and Volm (Koomagi and Volm, 1998) reported that 75 of 175 cases (42.8%) with non-small-cell lung carcinomas (NSCLC) in Germany were TF positive and a significant association was found between TF expression and microvessel density. Sawada et al (Sawada et al., 1999) reported that TF was detected in NSCLC cell lines and in 46 of 55 specimens (80%) of surgically resected NSCLC tumors in Japan. Wang et al (Wang et al., 2005) reported that 88% of 50 human NSCLC tumors overexpressed TF in the United States.
TF in 63-100% of hepatocellular carcinoma (HCC)
Our unpublished study showed that TF is expressed by HCC SNU-423 line and human hepatoblastoma Hep G2 line. SNU-423 is a human HCC line with chemoresistance from a 40 years old male patient (Park et al., 1995) . Hep G2 was isolated from a child (Aden et al., 1979; Knowles et al., 1980) and was recently re-characterized as hepatoblastoma (LopezTerrada et al., 2009) . TF is also over-expressed by the cancer cells in HCC tumor tissues (Kaido et al., 2005; Poon et al., 2003) . Poon et al reported in 2003 that TF expression was detected in 58 of 58 patients (100%) with HCC in Hong Kong, China and that TF expression level correlated significantly with tumor microvessel density (p=0.002), an indicator for tumor angiogenesis (Poon et al., 2003) . Kaido et al reported in a retrospective study in 2005 that 39 of 62 Japanese patients with HCC, who survived for more than 5 years after surgery, were TF positive (62.9%) and had higher recurrence rate (Kaido et al., 2005) . They concluded that TF expression was closely associated with tumor invasion and metastasis, and might serve as a prognostic factor of recurrence in HCC (Kaido et al., 2005) . These two reports showed that TF was expressed in ~63% or even 100% of Japanese and Chinese patients with HCC, respectively. However, both papers did not investigate the TF expression on tumor VECs. So far there are no published papers reporting the percentage of TF expression in the US patients with HCC.
TF in 53-90% of pancreatic cancer
Several groups showed that TF expression was found on pancreatic cancer tissues or cell lines (Cohen and Burtness, 2006; Haas et al., 2006; Hobbs et al., 2007; Iijima et al., 1991; Kakkar et al., 1995a; Kakkar et al., 1995b; Khorana et al., 2007; Khorana and Fine, 2004; Lindahl et al., 1993; Lindahl et al., 1992; Nitori et al., 2005; Silberberg et al., 1989; Taniguchi et al., 1998; Tesselaar et al., 2007; Ueda et al., 2001 ), but not in normal pancreatic cells (Cohen and Burtness, 2006; Kakkar et al., 1995a) . Kakkar et al. in 1995 reported that TF expression was detected in 29 of 55 (53%) pancreatic tumors (Kakkar et al., 1995a) . They found that TF expression was significantly correlated with the histological grade of the tumors, i.e., the poorer the differentiation of the tumor, the more expression of TF. Moreover, Kakkar et al. reported that TF was not detected in all of 18 normal human pancreas tissues (Kakkar et al., 1995a) , indicating that TF was specifically expressed on pancreatic tumor cells in the pancreas. Nitori et al. in 2005 confirmed the observation of TF expression on pancreatic tumors (Nitori et al., 2005) . They reported that 88.4% of 113 Japanese patients with pancreatic ductal adenocarcinoma were TF positive on cancer cells, and that increased TF expression was significantly correlated with the extent of the primary tumor, lymph node metastasis, lymphatic distant metastasis, advanced tumor-node-metastasis stage, and high tumor grade. Therefore, they concluded that TF expression on tumor cells was a predictor for survival. Recently, Khorana et al. reported that TF was expressed in 77% pancreatic intraepithelial neoplasias, 91% intraductal papillary mucinous neoplasms, and 89% pancreatic cancers, but not in normal pancreas (Khorana et al., 2007) . High TF expression was associated with high level of VEGF and increased microvessel density. Therefore they stated that "TF represents an attractive and novel therapeutic target in pancreatic cancer, and anti-TF approaches deserve further study in this setting" (Khorana et al., 2007) . All of these previous studies indicated that TF indeed could serve as a therapeutic target on pancreatic cancer cells (and probably on tumor neovasculature) in pancreatic cancer for TFtargeting therapies in the treatment of this intractable cancer.
TF in 57-100% of colorectal cancer
Shigemori et al. (Shigemori et al., 1998) reported that TF was detected in 57% of colorectal cancer from 79 patients, and its expression was significantly increased (p=0.01) in metastatic tumors (88%) from 17 patients. Later, Nakasaki et al. reported the same percentage (57%) of TF expression in 100 colorectal cancer tissues (Nakasaki et al., 2002) . Using ELISA, Altomare et al. (Altomare et al., 2007) detected higher TF expression (100%) in 50 surgical colorectal cancer specimens.
TF in 60-78% of prostate cancer
TF expression was detected in urological cancers including renal cell carcinoma, bladder cancer and prostate cancer (Akashi et al., 2003; Forster et al., 2003; Kaushal et al., 2008; Langer et al., 2007; Lwaleed et al., 2000; Nieva, 2007; Ohta et al., 2002) . Abdulkadir et al. (Abdulkadir et al., 2000) reported that TF expression was detected on the epithelial cells of malignant glands (73%; n = 67) of prostate cancer specimens, and TF expression was significantly correlated with tumor angiogenesis and preoperative level of prostate specific antigen. Similarly, Kaushal et al. (Kaushal et al., 2008) reported that TF expression was positively stained in malignant gland in 78% specimens of early-stage and 60% of specimens of advanced stage prostate cancer, but not in the benign gland. TF was also detected in 75.3% of metastatic prostate cancer from patients (Akashi et al., 2003) .
TF in gynecological cancers
TF is also over-expressed by ovarian cancer cells (Chinen et al., 2009; Uno et al., 2007; Yokota et al., 2009 ). Particularly, when Uno et al. studied the TF expression as a possible determinant of thromboembolism in ovarian cancer, they found that TF was over-expressed on the ovarian cancer cells in 27 out of 32 ovarian cancer patients (84%) by immunohistochemical staining (Uno et al., 2007) . However, tumor endothelial TF in ovarian cancer and other gynecological cancers remains to be investigated. In addition, our unpublished studies showed that TF was expressed by human ovarian cancer lines OVCAR-5 and Hey and cervical cancer line HeLa.
TF in brain cancer
Hamada and co-workers studied the TF expression in surgical specimens of glioma in 1996 (Hamada et al., 1996) . They showed that 75% gliomas were positive for TF, with a correlation of malignancy grade (1 of 10 benign gliomas (10%) in malignancy Grade I-II, 13 of 14 anaplastic astrocytomas (86%) in malignancy grade III and 19 of 20 glioblastomas (95%) in malignancy grade IV. Takano and co-workers (Takano et al., 2000) reported that TF antigen was detected in the brain tumor cells of 21 out of 23 glioblastomas, 6 of 13 anaplastic astrocytomas, and 5 of 32 low-grade astrocytomas, indicating that TF was expressed by 47% (32/68) of glioma patients. Importantly, TF antigen was also detected in the tumor-associated vessels of 17 out of 23 glioblastomas, 7 of 13 anaplastic astrocytomas, and none of 32 low grade astrocytomas. Later, Guau et al. (Guan et al., 2002 ) also investigated the expression of TF in 5 normal brain tissues and 32 glioma tissues from Chinese patients, and the glioma cell line U251. They similarly showed that the higher grade, the more TF expression (90% of the grade IV cases, 58% of grade III, 43% of grade II, and 20% of grade I). Importantly they showed that TF expression was not detected in any of 5 normal brain tissues, indicating that TF expression could be a specific biomarker in brain tumor.
TF in leukemia
Leukemia is a malignant neoplasm of hematopoietic tissue originating in the bone marrow and infiltrating the peripheral blood and often also the spleen, liver, and lymph nodes. Acute leukemia, including AML and ALL are characterized by proliferation of immature cells or blasts. If untreated, death usually occurs within 6 months in most cases. It was reported that TF is expressed on the human leukemic HL-60 (Freeburn et al., 1995; Kubota et al., 1991; Rickles et al., 1995; Tanaka et al., 1989) , Molt-4 (Tanaka, 1989) , THP-1 (Tanaka, 1989) cell lines , and on leukemic cells from patients with AML (Andoh et al., 1987; Bauer et al., 1989; Nakasaki et al., 2000b; Tanaka et al., 1989; Tanaka and Kishi, 1990; Tanaka and Yamanishi, 1993) and ALL (Kubota et al., 1991; Nakasaki et al., 2000a) . TF is not expressed on the normal peripheral mononuclear cells unless stimulated by endotoxin or other cytokines (Rickles et al., 1995) , nor on myeloid precursor cells (Bauer et al., 1989) . TF was also detected in the plasma of patients with leukemia (Kubota et al., 1991; Nakasaki et al., 2000a) and in HL-60 culture medium (Kubota et al., 1991) . The evidence for TF expression on proliferating leukemic cells identifies leukemia as a potential candidate for TF-targeting therapies. Another target in leukemia patients for TF-targeting therapy is the bone marrow vascularity (Yang and Han, 2002) . Angiogenesis does occur in leukemia (Aguayo et al., 2000; Dickson Factor VII-Targeted Photodynamic Therapy for Breast Cancer and Its Therapeutic Potential for Other Solid Cancers and Leukemia
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and Shami, 2001; Hussong et al., 2000; Korkolopoulou et al., 2003; Litwin et al., 2002; Padro et al., 2000; Perez-Atayde et al., 1997; Pule et al., 2002) . Microvessel density is increased in bone marrow biopsies obtained from patients with childhood ALL (Aguayo et al., 2000; Dickson and Shami, 2001) , and in bone marrow of newly diagnosed AML patients (Padro et al., 2000) . Further indication of leukemia-associated angiogenesis is an increased level of vascular endothelial growth factor (VEGF) in bone marrow blast cells of AML patients (Litwin et al., 2002) . These findings have led to tests of anti-angiogenic therapy for leukemia (Thomas et al., 2001) . VEGF induces TF expression on vascular endothelial cells Zucker et al., 1998) and therefore also could induce TF expression in the tumor neovasculature in bone marrow of leukemia patients (to be investigated), providing an additional target for TF-targeting therapies including Icon immunotherapy Garen, 2000, 2001; Hu and Li, 2010; Hu et al., 1999) and fVII-targeted PDT Hu et al., , 2011 .
TF on normal cells is sequestered by semi-permeable vessel walls
Although TF is a normal cell surface receptor (Morrissey et al., 1987; Spicer et al., 1987) and is expressed defensively on extravascular cells of several normal tissues and in the adventitial layer of the blood vessel wall (readily to initiate coagulation cascade upon the damage to vessel wall integrity), it is sequestered from direct contact with circulating fVII at a low concentration (10 nM) at these sites by the tight endothelial cell layer of the normal vasculature (Osterud, 1997; Rao and Pendurthi, 1998; Semeraro and Colucci, 1997) . In contrast, newly formed tumor capillary blood vessels are leaky because they lack tight junctions between endothelial cells, and their walls may even lack endothelial cells entirely (Carmeliet and Jain, 2000; McDonald and Choyke, 2003) . Thus, only the TF on angiogenic VECs and tumor cells is accessible to TF-targeting therapeutic agents via leaky tumor blood vessels. Based on its selective expression and the leakiness of tumor neovasculature, TF is regarded as a common but specific target molecule in tumor blood vessels and cancer cells for the development of novel neovasculature-and cancer cell-targeting therapies, such as fVIItargeted PDT (fVII-tPDT) Hu et al., , 2011 .
Successful development of fVII-tPDT by targeting TF for simultaneous, selective and effective killing of angiogenic VECs and breast cancer cells
As reported in our three recent published studies, we have chosen the receptor TF as a target molecule and its ligand, fVII, as a targeting vehicle for the development of ligandtargeted PDT and have successfully developed fVII-targeted PDT using fVII-SnCe6 or fVII-VP conjugates for treatment of breast cancer Hu et al., , 2011 and wet macular degeneration (Lu et al., 2009) . We showed that TF as the target molecule and fVII as the targeting vehicle met all of the requirements for successful development of a dual-action tPDT, as discussed below.
Identification of a targeting vehicle that can specifically bind the target molecule and be internalized by the diseased cells
We identified fVII as the targeting vehicle to bind the target molecule TF. The reason for choosing the natural ligand fVII for TF, instead of antibodies to TF, is that the dissociation constant (Kd) for fVII binding to TF (pM level) is about 100-1000 fold lower than those of antibodies to TF (nM levels), i.e., the affinity for fVII to TF is 100-1000 fold higher that antibodies to TF, and that fVII can be made in human sequence without need for humanization process (Hu and Li, 2010; Hu et al., , 2011 . Regarding the ability of fVII to internalize into cells, Rao and colleagues had shown that wild-type human fVII protein could be endocytosed by TF-transfected baby hamster kidney cells (Hansen et al., 2001) . But it was unknown if fVII with a coagulation active site mutation (K341A) can be internalized into cells, which was a key process for successful development of tPDT in order for the targeting vehicle fVII to internalize the covalentlyconjugated photosensitizer into the target cells. Using co-localization of an intracellular Factin cytoskeleton with a fVII(K341A)/human IgG1 Fc Icon immunoconjugate, which contained an fVII peptide containing a K341A mutation fused to the Fc portion of an IgG1 antibody for cancer immunotherapy Garen, 2000, 2001; Hu and Li, 2010; Hu et al., 1999) , we showed that fVII with K341A mutation could be endocytosed into breast cancer cells and VEGF-stimulated angiogenic HUVEC with a maximal detection of intracellular fVII at 30 min after binding (confocal imagings at other time points were not shown). Thus we conclude that fVII(K341A) as the targeting vehicle can specifically bind its cognate receptor TF, the target molecule, and be internalized by the diseased cells.
The ability to covalently conjugate fVII as the targeting vehicle to a photosensitizer without affecting its binding activity or the photoactivity of the photosensitizer
To covalently conjugate fVII protein with photosensitizers verteporfin and Sn IV chlorin e6 (SnCe6), we used the cross linker EDC with the ability to bind to -COOH groups on photosensitizers and then to -NH2 groups on protein molecules . In principle, this procedure using EDC can be used to conjugate fVII proteins to any other photosensitizers that have -COOH groups. We tested two photosensizers that have -COOH groups, namely verteporfin (689nm) and SnCe6 (635 nm). At the time when we carried out the study reported in , the chemically pure form of verteporfin was not commercially available to us. Now both SnCe6 and VP can be synthesized and commercially available in chemically pure form. It is worth noting that SnCe6 is stable at 4C for at least one year without any loss of its photoactivity to cancer cells (when it was prevented from light. See supplementary information in ref. ). Since we used excess photosensitizer in the chemical reaction, we used size exclusion spin columns (Sephadex G50) to separate the unconjugated photosensitizers (being hold in the column resin) from the fVII-conjugated photosensitizer (being collected in the collection tubes after spin). Using breast cancer cell-ELISA and flow cytometry assays, we showed that the binding activity of fVII in the photosensitizer conjugate either with verteporfin or with SnCe6 was retained . To address the photoactivity of fVII-PS conjugate, we used a crystal violet staining for the loss of monolayer membrane to determine the effect of PDT on killing cancer cells and compared to ntPDT in vitro. We showed that TF-targeting PDT by fVII enhanced 3-4 fold the effect of verteporfin PDT and 12-13 fold of SnCe6 PDT derivative-monacid ring A, BPD-MA) was not available to us so we had to extract it from its commercial formula Visudyne (QLT Inc) and the extracts still might contain trace of other components that might interfere with the killing effect, whereas SnCe6 was available in chemically pure form (Frontier Scientific, Logan, UT). We conclude that covalent conjugation reaction did not affect the binding activity of fVII and the photoactivity of the photosensitizer in the fVII-photosensitizer conjugates. Interestingly, we observed that fVII-tPDT, either with fVII-verteporfin or with fVII-SnCe6, reached the maximal killing effect on a variety of cancer cells in vitro for drug-laser light interval at 90 min , whereas the maximal intracellular localization of fVII/TF reached at 30 min after incubation of fVII/Fc with target cells .
The selectivity of fVII-tPDT for cancer cells and angiogenic VECs
In order to test whether fVII-tPDT is selective on killing cancer cells and has no adverse effects on normal cells that do not express TF, we use a high (MDA-MB-231) and a low (MCF7) TF breast cancer cell lines and a normal human embryonic kidney 293 cells as a non-TF expressing line. We showed that fVII-tPDT was selectively killing both TF-expressing breast cancer cells with a TF-level dependent response, but it had no killing at all on 293 cells, indicating that this fVII-tPDT was selective and effective in killing TF-breast cancer cells. Moreover, we used VEGF-stimulated HUVEC and unstimulated HUVEC as models of angiogenic VECs and normal, resting VECs. We showed that fVII-tPDT was able to selectively kill VEGF-stimulated angiogenic HUVEC but had no killing effect on normal, resting HUVEC , indicating that fVII-tPDT was also selective and effective in killing angiogenic VECs.
Mechanism of action of fVII-tPDT
Using the assays for Caspase-3/7 and lactate dehydrogenase (LDH) activities, we showed that fVII-tPDT, either with verteporfin or SnCe6, could induce apoptosis and necrosis right after PDT treatment Hu et al., , 2011 , as the underlying mechanism.
6.5 The effect and safety of fVII-tPDT in vivo in mouse models of breast cancer We tested the effect of fVII-tPDT using verteporfin or SnCe6 in three mouse models of breast cancer, the first with murine breast cancer EMT6 in immunocompetent Balb/c mice, the second with human breast tumor MDA-MD-231 in immunodeficient nude mice and the third with chemoresistant breast cancer MCF-7/MDR in nude mice. The results showed that fVII-tPDT (2 M SnCe6 in fVII-SnCe6 PDT for EMT6 and MDA-MB-231 (72 J/cm 2 ) and MCF-7/MDR (65 J/cm 2 ); or 2 M, 105 J/cm 2 in verteporfin PDT for EMT6) was effective in inhibiting tumor growth in mice, whereas ntPDT at the same conditions had no effect. In all three studies, there were no differences in mouse body weight, complete blood counts and differential analyses of leukocytes between the control mice and fVII-tPDT treated mice, and none of those mice had any other signs of toxicity during or at the end of the experiments Hu et al., , 2011 . We thus conclude that fVII-tPDT was effective and safe in the treatment of human and murine breast tumors in mice, including chemoresistant breast tumor.
Previous studies on the development of other TF-targeting therapeutics
In the course of the development of TF-targeting therapeutics, Hu and Garen reported for the first time in 1999 an antibody-like fVII-human IgG1 Fc fusion protein (Hu et al., 1999) , which later was called an Icon (Hu and Garen, 2001 ). Icon has been tested for immunotherapy by eradicating pathological neovasculature for treatment of tumors (Cocco et al., 2010; Garen, 2000, 2001; Hu and Li, 2010; Hu et al., 1999; Tang et al., 2007) and non-cancerous diseases such as wet form macular degeneration (Bora et al., 2003; Tezel et al., 2007) and endometriosis . Similar to the studies in which Hu and Garen introduced a mutation (K341A) in the fVII protein in order to reduce its coagulation activity, colleagues in 2008 (Shoji et al., 2008) reported the use of an active sitechemically inactivated fVIIa (FFRck-fVIIa) as a carrier for the targeted delivery of a potent synthetic curcumin analog (EF24) to TF-expressing tumor-associated VECs and tumor cells. The study by Shoji et al. provides independent evidence in support of our previous concept and findings regarding the efficacy of TF-targeting therapeutics.
As a different TF-targeting therapeutic approach, fVII-tPDT can be used as a stand-alone modality, and potentially in combination with Icon immunotherapy, surgery, and other modality for treatment of breast cancer and potentially of other laser light-accessible tumors on skin surfaces or in the internal cavity. To further enhance the effect of fVII-tPDT, we can increase the laser irradiation time and use better photosensitizers with longer wavelength (for deeper penetration) and better laser light sources with larger irradiation area in future preclinical and clinical studies.
Conclusion
In conclusion, fVII-targeted verteporfin or SnCe6 PDT is selective and effective in killing angiogenic VECs and breast cancer cells in vitro and can significantly inhibit the tumor growth of murine and human breast cancer in vivo. As TF is over-expressed by many types of cancer cells, including solid cancer and leukemia, and selectively expressed by angiogenic VECs of pathological neovasculature in tumor, macular generation and endometriosis, we anticipate that fVII-tPDT will have broad therapeutic potential for breast tumor and other tumors as well as for other pathological neovasculature-associated non-cancerous diseases (including but not limited to wet macular degeneration and endometriosis), in which the diseased lesions abnormally express TF and can be accessed by laser light, for instance, delivered by optical fibers through endoscopic, interstitial, or intracavitary techniques.
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